Ultrasound-based thermometry requires a temperature-sensitive acoustic parameter that can be used to estimate the temperature by tracking changes in that parameter during heating. The objective of this study is to investigate the temperature dependence of acoustic harmonics generated by nonlinear ultrasound wave propagation in water at various pulse transmit frequencies from 1 to 20 MHz. Simulations were conducted using an expanded form of the Khokhlov-Zabolotskaya-Kuznetsov nonlinear acoustic wave propagation model in which temperature dependence of the medium parameters was included. Measurements were performed using single-element transducers at two different transmit frequencies of 3.3 and 13 MHz which are within the range of frequencies simulated. The acoustic pressure signals were measured by a calibrated needle hydrophone along the axes of the transducers. The water temperature was uniformly increased from 26 C to 46 C in increments of 5 C. The results show that the temperature dependence of the harmonic generation is different at various frequencies which is due to the interplay between the mechanisms of absorption, nonlinearity, and focusing gain. At the transmit frequencies of 1 and 3.3 MHz, the harmonic amplitudes decrease with increasing the temperature, while the opposite temperature dependence is observed at 13 and 20 MHz.
I. INTRODUCTION
Noninvasive thermometry is needed to monitor the temperature change in the heated region during thermal treatments in order to improve the treatment efficacy and safety. Ultrasound is an attractive option for temperature mapping since it is non-ionizing, portable, and is inexpensive. Several ultrasonic techniques have been proposed for noninvasive tissue thermometry. 1, 2 In order to noninvasively estimate the temperature using ultrasound, a temperature sensitive acoustic parameter is required. The temperature could be estimated by knowing the temperature dependence of the parameter and tracking changes in that parameter during heating.
Acoustic pulses with relatively high-pressure progressively get distorted as they propagate and generate higher harmonics. This effect increases with increasing frequency, source pressure, and focusing gain of the beam at a given propagation distance. 3 Finite-amplitude effects of nonlinear propagation of ultrasound waves are used in various diagnostic and therapeutic applications of ultrasound. 4, 5 Tissue Harmonic Imaging is an imaging technique in which a pulse with a center frequency of f 0 is transmitted and the signal containing the second harmonic (2 Â f 0 ) is received to form an image. 4, 5 Superharmonic imaging uses the combination of the third, fourth, and fifth harmonics of the received signal to image. 6 It has been shown that imaging with these harmonics improves the spatial resolution and reduces the aberration and reverberation artifacts of the image. [4] [5] [6] Acoustic nonlinearity parameter imaging has been applied for tissue characterization. The value of the acoustic nonlinearity parameter (B/A) of fatty tissues is typically twice that of non-fatty tissues. 7 Zhang et al. 7 showed that B/A can provide information about the composition of the tissue. They generated B/A images of biological specimens such as porcine normal and fatty liver tissues, and porcine fat tissue.
Studies have shown that B/A is temperature dependent and it could be considered as a basis for an ultrasound-based method for noninvasive temperature estimation. 8, 9 The B/A is about 4 times more temperature sensitive compared to the speed of sound and thermal expansion in water. 8 van Dongen and Verweij simulated the nonlinear propagation of acoustic waves in glycerol using the lossless form of the Burgers equation. 8 They showed that the harmonic pressure amplitudes are temperature dependent and could potentially be considered as suitable parameters for noninvasive ultrasound thermometry. However, the lossless form of Burgers equation is the simplest model that describes only the effect of nonlinearity for acoustic plane waves of finite amplitude. Both 10 simulated an acoustic plane wave propagating in water in order to study the temperature dependence of harmonics. The simulations were performed using two different solutions of Burgers equation known as Keck-Beyer and Fubini for lossy and lossless media, respectively.
3,10 A monochromatic 1 MHz source with a pressure of 1 MPa was used in the study. The author showed that the harmonics are weakly sensitive to temperature and a minimum in the harmonic pressure value occurs at around 45 C. It is worth noting that neither of the simulation studies mentioned did take into account the combined effects of diffraction, absorption, and nonlinearity-all of which change the harmonics amplitude of the propagating waves.
We have recently shown that the pressure amplitude and the energy content of the backscattered fundamental frequency, the second and the third harmonics generated by nonlinear ultrasound propagation in tissue-mimicking gel phantoms, and ex vivo bovine muscle tissues are highly sensitive to temperature, when the acoustic harmonics were generated by transmitting a 13-MHz pulse using a highfrequency ultrasound imaging scanner. 11 It was also demonstrated that higher harmonics have a higher sensitivity to temperature.
The Khokhlov-Zabolotskaya-Kuznetsov (KZK) nonlinear wave equation is a well-established model for finiteamplitude wave propagation. 3, [12] [13] [14] The KZK equation is a parabolic approximation of the Westervelt nonlinear wave equation that consists of terms to account for diffraction, absorption, and nonlinearity. 3 The diffraction term accounts for the finite dimensions of the source and the attenuation term considers the heat conduction and viscosity of the medium. The nonlinear term accounts for the nonlinear propagation of the finite-amplitude wave.
In this study, the temperature dependence of harmonic amplitudes generated by nonlinear ultrasound wave propagation in water is examined at various pulse transmit frequencies from 1 to 20 MHz using the KZK wave equation. Nonlinear ultrasound wave propagation simulations were performed using a time-domain numerical solution of a modified KZK nonlinear wave equation that accounts for temperature dependent medium parameters. The simulation results are compared with measurements. Measurements were performed using two single element transducers at frequencies of 3.3 and 13 MHz.
The main objective of this study is to investigate and understand the mechanisms of action of harmonics generation as a function of temperature at various frequencies in water which is a simple, homogeneous, and more controlled medium compared to tissue. Soft tissues exhibit additional complexities such as significant structural heterogeneity that change as a function of time (tissue decay) and temperature. Moreover, water was chosen in experiments and simulations because the values for acoustic parameters (attenuation coefficient, speed of sound, density, and B/A) of water were available as a function of temperature in the literature. Currently, there are limited amount of information on the temperature dependence of these acoustic parameters for soft tissue which we need as inputs to our simulation model. 9, 15, 16 
II. MATERIALS AND METHODS

A. Temperature dependent nonlinear ultrasound wave propagation model
Nonlinear ultrasound wave propagation simulations were performed using a time-domain numerical solution of a modified KZK nonlinear wave equation in which temperature dependence of the medium parameters was included. The dimensionless form of the temperature-dependent KZK equation for focused sources could be given as
where P is the transformed source pressure amplitude defined as P ¼ (p/p 0 ) which p is the sound pressure in the Cartesian coordinates and p 0 is the source pressure amplitude. r ¼ z/d is the dimensionless z axis (axial distance divided by the focal length d) for a source with characteristic sizes of a and b in the x and y directions with an angular frequency of x 0 . X and Y are the transformed transverse coordi-
and T is the temperature. G(T) is the focusing gain defined as
where z 0 is the Rayleigh distance. A(T) is the absorption parameter defined as
where a 0 is the pressure absorption coefficient. N(T) is the nonlinear parameter defined as
where z is the plane wave shock formation distance. c 0 and q 0 are the small signal speed of sound and the medium density, respectively. s is the transformed retarded time defined as s ¼ x 0 t 0 where t 0 is the retarded time (t 0 ¼ t À z/c 0 ). The terms on the right-hand side of Eq. (1) account for diffraction, nonlinearity, and thermoviscous absorption, respectively. 13 The source boundary condition was defined as p
g(x, y), and n(x, y) are the source temporal excitation, the source spatial aperture function, and the source apodization function, respectively. By using the variable transformations and dimensionless variables, the source boundary condition could be rewritten as
where G x ¼ G bd/ad x and G y ¼ G ad/bd y are the directional focusing gains in the x and y directions, respectively.
For a circular source, the function g(X, Y) can be written as
In the selection of boundary values, the extent of spatial domains, X max and Y max , were chosen large enough to minimize reflections due to artificial boundary conditions. The time window was also large enough to encompass the entire waveform, including delayed edge waves. 13 Nonlinear propagation of 9 and 7 cycle pulses at 3.3 and 13 MHz in water with source pressure amplitudes of 0.26 and 0.05 MPa, respectively, and for the same transducer geometries used in our experiments were simulated. The source pressure amplitudes used in simulations were selected in order to achieve similar pressure and a similar degree of nonlinear waveform distortion as to that obtained in the experiments at the transducer focus and along the acoustic axes when water was at the baseline temperature of 26 C. Simulations for the 1 and 20 MHz pulses were performed using the same parameters as those at 3.3 and 13 MHz, respectively. The source pressure waveform was a Gaussian envelope pulse given as
where n is the number of cycles. In order to replicate the effects induced by raising the temperature of water from 26 C to 46 C, the empirical temperature dependent values of four acoustic medium parameters at each temperature were used as an input to the simulation. The values of sound speed, medium's density, absorption coefficient, and the B/A as a function of temperature in water were obtained from published data 8, 14, 17 and are shown in Fig. 1 . In order to take into account the spatial averaging effect of the hydrophone, harmonics were averaged over a circular area corresponding to virtual area of the hydrophone used in the experiments. 18, 19 The change in the peak pressure amplitudes of the harmonics and their ratios were analyzed at each simulated water temperature from 26 C to 46 C in increments of 5 C.
B. Experiments
A broadband single-element transducer with center frequency of 5 MHz (Matec, Northborough, MA) was used to generate pulses at 3.3 MHz. The transducer had a diameter of 6 mm and a focal length of 3 cm. The transducer was driven by an arbitrary function generator (Model AFG3101; Tektronix, Beaverton, OR) through a class-A broadband radio frequency power amplifier (Model 325LA
C. The purpose of choosing these pressures was to have reasonable signal-tonoise ratio values for the first, second, and third harmonics.
The acoustic pressure signals were measured along the axes of the transducers by a calibrated needle hydrophone with an active element diameter of 400 lm (Model HNA-0400; ONDA Corporation, Sunnyvale, CA). Water was placed in a 2.5 cm diameter cylindrical container with a transparent window at the bottom. Water temperature was uniformly elevated from 26
C to 46 C in increments of 5 C by the flow of hot water around the container. Hot water was pumped from a controlled circulating water bath (Haake DC10, Thermo Electron Corp., Newington, NH) using a peristaltic pump (Masterflex Agilent Technologies, Santa Clara, CA) and analyzed offline. 
III. RESULTS
The simulated and measured waveforms and their frequency spectra at both transmit frequencies of 3.3 and 13 MHz are shown in Figs. 3 and 4 , respectively. The measured and simulated pressure amplitudes of the lowest three harmonic components along the axis of the ultrasound beam with transmit frequencies of 3.3 and 13 MHz are shown in Fig. 5 . The average and standard deviation of the harmonic amplitudes and their ratios were calculated for each temperature. Figures 6 and 7 show the simulated and measured percentage changes in the pressure harmonic amplitudes (p 1 , p 2 , and p 3 ) and their ratios (p 2 /p 1 and p 3 /p 1 ) with temperature, respectively, at various frequencies.
IV. DISCUSSION
The results obtained from measurements and simulations shown in Figs. 6 and 7 demonstrate that the harmonic pressure amplitudes and their ratios decrease with temperature for the pulse transmit frequency of 1 and 3.3 MHz. On the other hand, at 13 and 20 MHz transmit frequencies, the harmonics and their ratios show an increasing trend as the temperature increases from 26 C to 46 C. The results can be explained by the interplay between the temperature dependence of the absorption, nonlinearity, and focusing gain. The relative importance of nonlinearity and absorption in the KZK model used in this study is determined by the dimensionless parameters of nonlinearity (N) and absorption (A), respectively. The ratio C ¼ N/A is defined as the Gol'dberg number, which provides a measure of balance between the nonlinear and the absorption processes. 12 Duck 4 stated that when C ) 1 the nonlinear process dominates and when C is close to 1.0, the effects of nonlinearity and absorption are comparable. The focusing gain (G) is the peak value of p/p 0 at the geometric focus in the absence of absorption and nonlinearity.
12 Figure 8 shows the percentage changes in A, N, C, and G as a function of temperature for pulse transmit frequencies of 1, 3.3, 13, and 20 MHz.
As the temperature increases from 26 C to 46 C, the absorption parameter decreases by about 40% whereas the nonlinear parameter and the focusing gain decrease by about À1.6% and À2.5%, respectively (shown in Fig. 8) . A decrease in attenuation enhances the generation of harmonics but a decrease in nonlinearity reduces the amount of wave distortion due to nonlinear propagation (and therefore the creation of harmonics). A decrease in the focusing gain reduces the pressure at the focus and causes reduction in harmonic generation. For the 1 and 3.3 MHz pulses the Gol'dberg number is about 81 and 24, respectively, at 26
C. This indicates that the effects of nonlinearity significantly dominate over absorption. Therefore, at low frequencies the decrease in the harmonics with temperature is due to the combined effects of reduction in both the focusing gain and nonlinearity with temperature.
As the frequency increases, the effects of absorption become more pronounced and the Gol'dberg number decreases. The value of the Gol'dberg number is equal to 1.2 and 0.7 at 26 C for pulses with transmit frequencies of 13 and 20 MHz, respectively. Although at high frequencies both the focusing gain and the nonlinearity decrease with temperature, the reduction of attenuation compensates their effects. Therefore, at high frequencies the harmonics increase with temperature due to the significant decrease in absorption as a function of temperature. The change of harmonics with temperature better follow the temperature dependence of the Gol'dberg number.
Figures 6 and 7 show that higher harmonics have a higher sensitivity to temperature change. For the 1 and 3.3 MHz transmit frequencies, the higher the harmonic number, the steeper the decrease of the harmonics amplitude and their ratios with temperature. On the other hand, at 13 and 20 MHz, the higher the harmonic number, the steeper is the slope of the increase in the harmonic amplitudes and their ratios as the temperature increases from 26 C to 46 C. Keck and Beyer, 3, 20 have shown that for a finite-amplitude plane wave propagating in an attenuating medium, the nth harmonic pressure amplitude is proportional to [b/(a 0 q 0 c 0 3 )] nÀ1 . Therefore, the temperature dependence of the acoustic parameters manifests themselves more prominently in the higher harmonics. Figure 9 shows the percentage change of [b/(a 0 q 0 c 0 3 )] nÀ1 as a function of temperature for the harmonics at 13 MHz. This demonstrates that the higher harmonics are more sensitive to temperature.
The increasing trend of the harmonics and their ratios with temperature at 13 MHz are consistent with those obtained in tissue-mimicking gel phantoms and ex vivo bovine muscle at the same transmit frequency (Maraghechi et al. 11 ).
Figures 6 and 7 demonstrate that the trend of harmonics amplitudes and their ratios with temperature is similar in both the measurements and simulations. The results obtained from simulations at 3.3 MHz are within the standard deviation of the results obtained from measurements. However, the difference in the magnitude of the changes between simulations and experiments is more significant at 13 MHz. This could be due to approximations in values of acoustic parameters of water as a function of temperature as input in the simulations. The differences between measurements and simulations could also be due to measurement errors, since the acoustic field was manually scanned. The variation of frequency response with temperature of a typical hydrophone, such as the one we used in our study, could also be a possible reason for the mismatch between measurements and simulations. 
V. CONCLUSION
In this work, the temperature dependence of acoustic harmonics generated by nonlinear ultrasound wave propagation was investigated in water for a range of pulse transmit frequencies from 1 to 20 MHz. Measurements were conducted using two single element transducers to transmit the acoustic pressure signals and a calibrated hydrophone to receive them. The temperature-dependent KZK nonlinear ultrasound beam simulations were performed for the same experimental geometry. Several conclusions can be drawn from the results obtained in this study:
(1) The harmonics generated by nonlinear ultrasound wave propagation in water are temperature dependent. (2) The temperature dependence of the harmonics generation is different for various transmit pulse frequencies. The temperature dependence of harmonics generated by nonlinear ultrasound wave propagation decreases with increasing temperature at 1 and 3.3 MHz while the opposite temperature dependence is observed at 13 and 20 MHz. The harmonics and the harmonic ratios at 1 and 20 MHz are more sensitive to temperature change compared to those at 3.3 and 13 MHz. (3) The temperature dependence of harmonics depends on absorption, nonlinearity, and focusing gain. (4) For a given transmit frequency, the higher the harmonic number, the higher is its sensitivity to temperature. (5) The change in the harmonic generation as a function of temperature shows similar trends in both simulations and experiments at 3.3 and 13 MHz. However, there is a discrepancy between simulation and measurement results at 13 MHz.
It should be noted that the conclusions mentioned above depend strongly on the source parameters (transducer geometry, source pressure amplitude, and frequency) used in this study. In particular, characteristics of a nonlinear field depend on the source pressure amplitude. Varying the source pressure amplitude could therefore lead to some changes in the reported results. An extension of this work to investigate the effect of source pressure amplitude on harmonics generation with varying temperature will be the topic of the next project in this study.
